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Abstract

An experimental study was conducted on three different groups of girder-slab type, reinforced
concrete deck panels, to investigate the pattern of crack formation, crack growth and overall failure mode.
Areas of study included (i) the influence of distribution steel on crack pattern and crack growth under a
simulated moving wheel load; (ii) critical orientation and nucleation of cracks in panels weakened by a
flaw in the form of conical inserts; and (iii) mode of failure and ultimate capacity of deck panels with
varying amounts of reinforcement steel and different load areas.

The study indicate that with higher amount of distribution steel, finer cracks spread over a larger
area are produced. The flexural capacity of a deck slab of girder-slab type bridge is enhanced to an
appreciable degree due to support restraints. No significant advantage is achieved by increasing the
amount of steel. A hypothesis has been advanced that impairment of punching capacity occurs only when
(i) the cracks developed join to form a closed envelop (a flawed zone); (ii) the crack surface geometry
bears a critical orientation with regard to wheel load and has reached a critical height through the slab
thickness; and (iii) the closed boundary of this flawed zone at the bottom of the slab is greater than that of
the weel print. All reinforced panels failed in punching shear type failure.
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Chapter 1

INTRODUCTION

1.1 DETERIORATION OF BRIDGE DECKS

A number of concrete bridge decks, built in the early stages of the rapid
development of Saudi Arabia, suffered premature damages in the form of severe
cracking of deck slabs (Plate 1.1). Many slab-in-girder type bridges cncountered
pot-hole type failure. A typical view of such a failure is shown in Plate 1.2.
Several interactive factors have collectively contributed to such cracking in
longitudinal and transverse directions and in the development of cventual pot-
hole type failures. The most dominant factor has been identified as the effect of

heavy vehicular loadings, which were widely used in the past.

A deck slab which carries the applied load directly before transmitting to the
supporting beams or girders may fail in two ways. Onc is punching shcar type
failure, in which the load penetrates through the-slab, causing a localized failure
in the form of pot holes. This usually occurs when a heavy wheel load is applied
on a thin slab. Although punching capacity is enhanced to a certain degrec by
reinforcing steel, concrete capacity for punching shear is generally considered in
the design as the controlling factor. The other mode of failure is the typical

flexure failure in which the slabs fail in bending caused by the applicd load.



Plate 1.1: View of Severe Cracking of Concrete Bridge
Decks in Saudi Arabia.

~o TN

Plate 1.2: View of Typical Pot-Hole Type Bridge
Failure in Saudi Arabia.



The load carrying capacity of a slab which is allowed to move laterally i.c.,
edges are simply supported or unrestrained, is lower than the slab whose edges
are laterally restrained. The restrained slabs are known to carry higher loads
than those predicted by the Yield line method [t]. This is due to the in-plane
compressive forces induced by support restraints, which enhances the moment
carrying capacity of the slab. This behavior is o['t‘en referred to as arching action
or compressive membrane action. Although it has been claimed that this
membrane effect also enhances the punching capacity of a deck slab to a certain

extent, the flexural capacity enhancement is generally much more pronounced.

Generally, stress induced cracking in any particular direction of the slab
would depend mainly on the amount of steel present in the direction
perpendicular to it. Cracking parallel to main transverse tension steel may
depend on the amount of distribution (longitudinal) stecl. More number of
small diameter bars are known to distribute the cracks better than a few large

diameter bars for the same amount of steel.

The study of cracking and failure of concrete bridge deck slabs has drawn
attention as past studies [13,14] have indicated that the ultimate flexure
capacity of a deck slab of a normal girder-slab type deck is substantially larger
than the ultimate strength predicted by ordinary flexure theory, because of the
arching effect in decks. Also the current specifications of American Association
of State Highway and Transportion Officials (AASHTO [2]) for bridge design

are conservative, resulting in unnecessary high amount of steel reinforcement.



Most bridge design codes, such as those of AASHTO provide procedures,
by prescribing simplified formulas for the design of deck slab for a girder-slab
type bridge deck. AASHTO also provides empirical formula for the amount of
distribution steel. In view of the evidence of cxistence of the favourable
influence of membrane forces both from in-situ tests and some small scale tests,
Ontario Bridge Design Code [3] has introduced an empirical design method
using 0.3% isotropic steel at both top and bottom faces of the slab. When a
deck slab is subjected repeatedly to a high load level, the crack propagation and
nucleation may lead to progressive fracturc and eventual failure at a subcritical
load level. The fatigue lifc of a deck slab depends among others, on the
maximum stress level, and is reduced sharply as the stress level approaches
closer to the level of maximum static load capacity. [Fatigue may become
therefore critical if the deck slab is likely to bec subjected to repetitive

overloading.

As a part of the National project “A Study of the Cracking of Concrete
Bridge Decks in Saudi Arabia,” financed by the King Abdulaziz City [or Science
and Technology, a study was carried out to inyestigate the pattern of crack
formation and crack growth under subcritical load level to document modes of
failure and to suggest, based on the findings, recommendations which may avert
damages due to cracking and failures of deck slabs. This work is essentially the
core of this thesis. Attempt has been made in this work to better explain the
formation of the pot holes due to punching and to suggest mecasures to avoid

such failures under occasional overloading.
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1.2 LITERATURE REVIEW

The ability of deck slabs in girder-slab bridges to hold loads larger than the
designed loads, even in some what dcteriorated condition cannot be cxplained
by the Westergaard's flexure theory, upon which the AASHTO design
provisions are based. Tests performed by Okleston [4,5] in 1956, showed that
collapse loads were three to four times the load carrying capacity predicted by
the yield line theory. This enhanced ultimate strength was attributed to the arch
action or to the influcnce of inplane compressive membrane forces resulting
(rom support restraint. Other studies [6,7] have shown that the compressive
membrane action enhances both flexural and shear capacitics of the slabs
resulting in failure at higher loads than thosc predicted by yield line theory. In
view of the improved flexure capacity, a deck slab of normal design when
subjected to a heavy wheel load may fail in punching shear rather than in

bending.

Attempts had been made in the past to study the punching capacity of a
reinforced concrete slab. Many of the earlier studics were done on specimens
representing a portion of flat plate system or on column footings [28,29].
Elstner and Hognested [30] tested thirty nine, six feet square slabs, loading to
failure through a centrally located column stud. The tests included a number of
variables such as concrete strength, percentage of tension and compression
reinforcement steel etc. Of the thirty nine slabs tested, thirty four failed by the
column punching through the slab. They derived expression for the ultimate

shearing stress of slabs and identified a number of major factors determining the



strength of siab.

In 1960, Kinnunen and Nylander [8] studied the punching capacity of
simply supported circular slabs with radial and circumferential reinforcement
and circular load area. Based on the experimental obscrvations and findings,
they developed an idcalized model, in which, the outer portion of the slab
bounded by the shear and radial cracks, is supposed to be carried by a
compressed conical shell that develops from the loaded arca to the bottom of
the shear crack. This was later extended by Kinnunen [9] for slabs with two way

reinforcement.

Yitzhaki [31] tested a number of specimens representing flat slabs and
derived cxpression for the prediction of the punching strength which gave some
recognition to the flexural strength. Gesund and Dikshit [32] examined the slab
column interaction of uniformly loaded flat plate by use of the yield line theory.
They dcveloped cxpressions for the bending punching strength of flat plates
when supported on column located in the interior or at near the boundarics. By
comparing the expressions developed with the experimental data available in the

literature, they concluded that bending punching is possible around all columns.

Herzog [33] derived simpler formulas from the test results available in the
litcrature, [or the prediction of strength in punching shear of footings and slabs.
Long [34] developed a two phase formula for predicting the punching capacity
of slabs at interior columns, by simplifying previously reported analytic
procedures, which take into consideration the interaction of flexural and shear

effects. Jiang and Shen [27] recently proposed a theoretical solution similar to



Bracstrup and Nielsen [26], for the punching shear strength of concrete slabs,
based on plasticity approach in which problem is treated as axisymmetrical and

a second degree parabola curve is used for Coulomb-Mohr yicld envelop.

Taylor and Hayes [10] have shown that the punching shear strength of
concrete slabs is greatly enhanced when the. cdges arc restrained against
movement. This enhancement is more for slabs with high strength concrete or
low reinforcement ratio. Enhanced punching strength for restrained slabs is also
shown by Hewitt [12]. In view of the fact that it is difficult, if not impossible, to
prescribe exactly the degree of support restraint, no universal approach has
been developed for the design of restrained slabs. Empirical approaches to this

problem have been found to be more fruitful.

IHewitt and Batchelor [13] developed a2 model for punching load of a slab
with known boundary restraints. An empirical factor, which could be dcduced
from tests, was proposed for use in predicting the punching strength of slabs
whose boundary restraints are not exactly known. The model involves
incorporation of boundary restraining forces and moments into the idealized
model of failure proposed by Kinnunen and Nylander [8] for a simply supported

slab.

Studies performed in Canada [14] on I-beam bridge slabs of 1/8th scale
direct models of 80 ft span four beam bridges showed the conservative nature of
the AASHTO specifications. The panels failed in punching shear type of failure.
The conclusion was that the isotropic reinforcement of 0.3% satisfies both the

serviceability and ultimate limit states considerations. Beal [15], investigated



the ultimate load capacity of bridge decks by conducting tcsts on one slab
rcinforced with AASHTO specifications and three others with varying amounts
of isotropic reinforcement under simulated wheel loads. Resuits showed with
either reinforcement pattern, service load bending moments were from 40% to
65% of thosc predicted by flexure theory. Failures were by punching and were
at loads atleast six times greater than the design loads. A 59% reduction in
total reinforcement had no effect on failure mode and did not reduce the
strength below a safe level. Fang [16] who conducted full scale tests on concrete
bridge decks designed by the new Ontario Bridge design concept, subjecting to
static and pulsating concentrated loads, concluded that isotropic steel

rcinforcement pattern given by the OHBDC [3] results in adequate safety.

The fatigue strength of the reinforced concrete structure will be governed
either by fatigue life of the concrete or by the fatigue life of the reinforcement.
Limited tests have been conducted on the effects of repcated loading on bridge
slabs. Deck slabs designed by the current design methods have high reserves of
strength against failure, as the actual static failure load is higher than predicted
by ordinary theories. Batchelor and Hewitt [22] conducted tests on 1/8th scale
dircct model of 80 (t single span four beam co.mpositc stecl concrete bridge.
The panels failed by punching in a sudden and explosive manner when tested to

failurc under fatigue loading.

Deck slabs designed by the current design methods have unnecessary high
reserves of strength against fatigue failure. Limited fatigue tests on small scale

models have also demonstrated that maximum load under the fatigue cycle to
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cause failure in number of cycles exceeding one million was also greater than

the design loads [14].

Limited rescarch has been conducted on the fatigue life of reinforced
concrete slabs, under concentrated loads. Okada, Okamura and Sonoda [23]
investigated the behavior of concrete slabs under repetitive loading by testing
seven slabs with full scale dimensions, to clarify the fatigue mechanism of

reinforced concrete slabs under moving loads.

Sonoda and Horikawa {17} simulated the effects of a tralfic wheel-load by
applying a stepwise moving pulsating load on 1/3 scale model decks. They
concluded that the fatigue life of deck slabs was remarkably reduced under the
stepwise moving load compared to that under a pulsating load applied at a fixed

point.

Recently Perdikaris and Bein [18] conducted tests on 1/6.6 scale reinforced
concrete bridge deck slab under static load, pulsating load applied at a fixed
point, and moving constant wheel load. Both orthotropic and isotropic
reinforcing arrangements were considered. The failure mode for all reinforced
model decks was that of punching shear. The crack pattern due to the moving
wheel-load was more segmental and extensive than that due to fixed pulsating
load, indicating an entirely difTerent fracture process. They concluded that the
AASHTO design approach is overconservative and that stecl reinforcement
content could be reduced significantly and satisfy both serviceability and

strength requirements.
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The Research [24,25] carried out at KIFUPM, under the national project "A
Study of Cracking of Concrete Bridge deck in Saudi Arabia,” on the
investigation of static and fatigue life of restrained and unrestrained concrete
deck slab models under a simulated wheel load, concluded that the punching
capacity is impaired by the presence of initial non-structural cracks and that it
is enhanced to a certain degree by edge restraint and increase in tension stecl.
Fatigue life of a restrained deck slab can be approximated by a bi-linear
relationship between non-dimensionalized load parameter and the number of
cycles to failure, independent of the type of concrete, its construction and

strength.

1.3 SCOPE AND OBIJECTIVES

In the proposed research, the study of static and fatigue failure of
restrained slabs of a typical bridge deck would be supplemented by undertaking
a series of tests on small scale deck models. The failure mode of the deck slab
would be highlighted. The loaded area will be varied in static tests to record the
transition of mode of failure from punching shear to that of flexure or edge

shear, if any, within the rangc of loaded arcas considered in this study.

The Influence of distribution steel on the density and the pattern of stress
induced cracks at the bottom of slab will be observed. The aim would be to
note the amount of cracking in rclation to the amount of distribution steel and
the latter’s influence on the crack size and crack distribution. Comparison of

the crack patterns will be made for different panels to show the significance of
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the distribution steel on flexural cracking.

For a better understanding of the punching failure and the detrimental

influence of the random crack propagation and nucleation which may form a

weakened zone on the punching capacity, a scrics of slabs cast with initial flaws

in the form of conical frustums will be tested. In this manner, the critical depth

and oricntation of the nucleated cracks can be observed.

The primary objectives of the proposed rescarch are as follows:

1)

2)

3)

4)

5)

to observe the crack pattern under subcritical load level for a deck
slab with varying amount of distribution stecl i.e., the influence of the

distribution steel on the crack pattern will be observed,

to study the detrimental influence of cracks, if any, on the punching
capacity of slabs, by undertaking tests on panels with simulated flaw
expected from crack nucleation of randomly oriented and propagated

cracks,

to determine the failure load of deck slabs with varying amounts of
main stecl and different load arcas, when subjected to the static

action of a simulated wheel load,

to conduct fatigue tests at the maximum load level of 50-60% of
static failure load capacity, to indicate threshold value of failure in

fatigue due to the repetitive action of a wheel load, and

to suggest procedure to inhibit punching and flexural failure.
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Essentially, the study focusses on three major items: (i) crack pattern and
density of cracking in relation to the distribution steel, if any, (ii) Static and
fatigue tests on simulated deck panels, and (iii) on impairment of punching
capacity due to possible weakness rendered by critical orientation and

nucleation of cracks.

A series of tests were conducted on girder-siab bridge deck models to
gather test data. The test panels were designed by considering the testing and
handling facilities available and were not proportioned by following any
particular prototype. Slab thickness and the span however were kept within the

range used in practice.
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Chapter 2

EXPERIMENTAL PROGRAM

2.1 EXPERIMENTAL DESIGN

In the experimental program, three different types of deck slab panels were

designed and cast to carry out three types of experiments:

I}  Study of crack pattern with regard to the amount of distribution steel

under subcritical load (A1l-series).

2)  Study of punching capacity of slab weakened by critical orientation

and nucleation of cracks (A2-serics).

3)  Static and limited fatigue tests in simulated girder-slab type deck

pancls (A3-series).

2.2 EXPERIMENTAL DETAILS
2.2.1 Test Specimens
2.2.1.1 Al-Series Panels

This series of panels were uscd to examine the effect of the distribution

stcel on the crack pattern. A total of nine panels were cast in two batches. A

13
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typical panel consisted of a slab 1800 x 1200 mm and 80 mm thick, supported
on two steel I-beams (W 8x15) providing a span of one metre. Studs of 12 mm
diameter size at a spacing of 200 mm centre to centre werc welded to the top
flange of the [-beams to ensure composite action. Fig. 2.1 shows the details of a

typical Al-series panel.

In all these panels, the amount of main transverse steel was kept
unchanged and this consisted of 8 mm diameter steel rebars spaced at 100 mm
centre to centre. The panels were labelled A1/ISO, Al/H, Al/M and Al/S,
corresponding to four different amounts of distribution steel, namely isotropic
reinforcement (ISO), high amount of reinforcement (H), medium amount of
reinforcement (M) and small amount of reinforcement (S). Table 2.1 shows the
details of reinforcement steel used in Al-series panels. Panel Al/H had
distribution steel of 8 mm diameter spaced 150 mm centre to centre, which
amounted to about 67% of the amount of main steel. This corresponds to the
AASHTO specified maximum value for the distribution stecl in deck slabs
whose main steel is perpendicular to the direction of traffic. The distribution
steel for panel A1/M consisted of 6 mm diameter bars spaced at 150 mm centre
to centre (37% of main steel) and for panel Al/S, 6 mm diameter bars at 300
mm centre to centre (18% of main stecl). The top stecl consisted of isotropic
rcinforcement of 6 mm diameter bars spaced at 300 mm centre to centre for all

the panels.

Electrical resistance strain gauges were fixed at thc middle of three

transverse stecl bars and three longitudinal steel bars in four panels (one from
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each type), to measurc the steel strains at different load levels. Fig 2.2 shows

the location of strain gauges in Al-series panels.

The crack pattern under sub-critical load level would be noted for these
panels. The amount of main tension steel and other parameters (variables) were
kept constant, while the amount of distribution steel was varied to study the
effect of the distribution steel on the amount and pattern of stress (load)
induced cracks at the bottom of the slab, and compare the crack formation and
the punching load capacity. In this manner the amount of distribution steel
that reduces or arrests the development of large size cracks by effectively

distributing the load over a larger area would be determined.

2.2.1.2 A2-Series Panels

This series of panels were cast to examine the reduction in the punching
capacity, if any, due to the cracking of pancls. A total of twelve panecls were
cast in this scrics. A typical panel consisted of a slab of overall dimensions of
1850 x 1300 mm and 90 mm thick supported on two stcel [-beams (W 8x15)
providing a span of one metre. As in Al-series pancls, 12 mm studs were
welded at spacing of 200 mm centre to centre to ensurc composite action. In
some panels, a thin metallic insert in the form of a frustum of cone was
embedded, which represented an initial crack geometry considered detrimental

to the resistance offered by the panel against punching.

The slab thickness of 90 mm used in panels of this serics was highest in the
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panels of the three series. The thickness was increased to allow for the different
heights of the inserts in order to determine the punching loads for the different
crack geometry and depth. Fig. 2.3 shows the details of a typical A2-serics

panel.

The amount of both transverse and longitudinal stecl was kept constant in
all the panels, except for onc panel, which was cast without any reinforcement.
The transverse steel consisted of 10 mm diameter bars spaced 100 mm apart
and the longitudinal steel consisted of 8 mm diameter bars at a spacing of 150
mm centre to centre. The top steel consisted of an isotropic reinforcement of 6

mm diameter bars at a spacing of 150 mm centre to centre.

The panels were divided into four groups. The first group consisted of two
types of panels, A2C/P and A2C/S. Panel A2C/P was cast without conical
insert and without any reinforcement. The sccond type A2C/S, consisted of two
panels cast without conical inserts, to give the punching capacity of a perfect

slab in the absence of a simulated flaw represented by the insert.

The second group consisting of five panels, werc cast with a precast notch
inserted in the form of a frustum of a cone (Plate 2.1). Fig. 2.4 shows the
geometric details of the conical insert. Different angles of inclination of the
conical inserts were used by varying the angle of inclination a from 20° to 90°.
Panel A2/20, A2/30, A2/45, A2/60 and A2/90 had angles of inclinations of 20°,
30°, 45°, 60°and 90° respectively. These panels were cast with a crack depth
projection of 44 mm, about half the slab depth. Table 2.2 give details of angles

of inclination, base diameters and vertical projection of the cone which
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Table 2.2: Details of Conical Inserts of A2-Series Panels.

23

PANEL ANGLE WITH BASE DIAMETER | HEIGHT
PLANE OF SLAB OF CONICAL OF
GROUP | DESIGNATION INSERT INSERT
NO. (Degrees) (mm) (mm)
1 A2C/P ) ] ]
A2C/S - - .
2 A2/20 20 580 44
A2/30 30 400 4
A2/45 45 265 44
A2/60 60 190 4
A2/90 90 88 44
3 A2/60/H 60 190 64
A2/90/H 90 88 64
4 A2C/90/L 90 250 30
A2C/90/H 90 250 64
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represented the simulated crack. These pancls were tested under a circular
patch load to yield a relationship between the angle of notch insert a and the
punching shear capacity of the panel. This relationship would yield a crack
geometry which appears to be most critical from the point of punching failure

i.e., which causes the greatest reduction in the punch capacity.

The third group consisting of two panels were cast with inserts of angle of
inclination of 60° (A2/60/H) and 90° (A2/90/H). These panels were similar to
the ones in the second group except that the depth of notch was 64 mm,
extending almost upto the level of the top reinforcement. Test results on these
panels would identify the contribution of the stcel reinforcement to the

punching shear capacity of the panels.

The fourth group consisted of two panels with angle of inclination of 90°
only. Panel A2C/90/L was cast with a notch of depth 30 mm and other other
panel A2C/90/H was cast with a notch of depth 64 mm. The notch depth of the
latter pancl (A2C/90/I1) passed beyond the failurc plane of angle a equal to 20°
and the others well below the failure plane of a equal to 20°. The basic
difference of these two panels from others is that they were cast with a wider
insert base diameter of 250 mm. These would further help in indicating the

influence of crack geometry on the punching shear reduction.

2.2.1.3 A3-Series Panels

A total of twelve pancls consisting of three different scts of four pancls
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cach were cast. A typical A3-series panel consisted of a continuous slab of
dimensions of 1720 x 1500 mm and 68 mm thick, supported on three steel I-
becams (W 8x15) spaced 710 mm apart. Fig. 2.5 shows the details of a typical
A3-series panel. Studs of 12 mm diameter at a spacing of 200 mm were welded

to the top flange of the [-beams to ensure composite action.

The amount of both transverse and longitudinal stecl was varied in each of
the three sets of A3-series panels. Table 2.3 shows the details of three types of
rcinforcements used in the panels. The first set (A3-1) had the highest amount
of steel, with the main transverse steel consisting of 8 mm diameter bars at a
spacing of 100 mm centre to centre and the longitudinal steel of 6 mm diameter
bars at 100 mm centre to centre. In the panels of second set (A3-2) the main
steel consisted of 6 mm diameter bars at 100 mm centre to centre and
longitudinal steel consisted of 4 mm diameter bars at 100 mm centre to centre.
The third set (A3-3) had isotropic reinforcement of 4 mm diameter bars at 100
mm centre to centre.  The amount of top steel was the same as the bottom
reinforcement in the pancls of each set. The reinforcement ratio (steel area to

cffective concrete area) cxpressed as a percentage is also shown in Table 2.3.

Electrical strain gauges werc fixed on the central three bars of main
transverse stecl in some panels. The strain gauge location corresponds to the
midspan of one of the two spans of the panels (Fig. 2.6). The span which had

the steel strain gauges was labelled span A and the other as span B.

These panels which were subjected to static and fatigue loads would

highlight the failure mode of the bridge deck slab. The panels were cast with
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Table 2.3: Reinforcement Details of A3-Series Panels.
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MAIN STEEL DISTRIBUTION STEEL
PANEL SET
diameter | spacing steel diameter spacing
(mm) c/c (mm) ratio (%) (mm) ¢/c (mm)
A3-1 8 100 0.98 6 100
A3-2 6 100 0.54 4 100
A3-3 4 100 0.24 4 100
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threc I-beams to provide the lateral support restraint for thc study of the
favourable influence of the lateral support restraint on cnhancecment of the
flexural capacity of the deck slab. By increasing the load areas, the increase in
failurc load would be noted and the transition of the mode of failure, if any,
would be noted. To observe the threshold value of failure load under repetitive
loading, limited fatigue tests were conducted oﬁ the span B of the panels for
which span A was used in static tests with smaller load areas. The use of this
span was possible as the failure was essentially a localized punching failure with

hardly any damage to the edge of span or the other span.

2.3 MIX DESIGN AND CASTING

The same concrete mix design was used for all test panels. Since the casting
involved large quantitics of concrete, larger than the amount which can be
handled in the laboratory, a local ready-mix concrete supplier was contracted
for the supply of concrete. Table 2.4 shows the details of the concretec mix
design. A mixture of washed aggregate of 20 mm size and 10 mm size in a ratio
of 1:2 was specified. The coarse aggregate was crushed limestone obtained from
Dhahran area and was a typical representative of aggregate used commonly in
the Eastern province of Saudi Arabia. The slump of concrete varied between 19

to 23 mm for different batches.

Timber formwork was used for casting. The two layers of reinforcement
assembled following the rebar arrangement for a particular panel were placed in

the formwork with the required amount of top and bottom cover. Plate 2.2



Table 2.4: Concrete Mix Design.

CONSTITUENT WEIGHT
(kg/ m’)
Cement 380
Aggregate 20 mm 430
Aggregate 10 mm 880
Sand 730
Water 200
Water/Cement 0.53
CA/FA 1.79

CA : Coarse Aggregate
FA : Fine Aggregate
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shows a typical A3-series panel prior to casting. After casting, compacting and
finishing, the panels were covered immediately with polyethylene sheets, to
avoid development of any non-structural cracks. Plate 2.3 shows the panecls
covered with polyethylene sheets immediately after casting. The test panels

were cured for one week with water sprayed twice a day.

For determining the compressive strength, cylinders of 75 x 150 mm and
also 100 x 200 mm were obtained. The cylinders werc also cured along with the
panels. Three tension test samples werc taken from each diameter
reinforcement steel bar {or determining the yicld stress and the ultimate tensile

strength.

24 TEST SET-UP AND TEST PROCEDURE

All panels were tested using a test frame fitted with MTS 500 kN capacity
hydraulic actuator. A single load was applied by the actuator through a rubber
padded steel plate to distribute the load on a small arca, simulating the action
of a wheel load. The panels in Al-series were tested under a load area of 75 x
150 mm. A2-series panels were tested under a circular patch load of 88 mm
diameter. A3-series panels were tested with four different load areas of 75 x 150
mm, 100 x 200 mm, 200 x 400 mm and 200 x 500 mm. For fatigue tests, the
load arca was confined to 75 x 150 mm. A frequency of 2 to 2.5 Hz was used

for fatigue tests. Plate 2.4 shows the view of typical test sct-up for the panels.



Plate 2.3: View of Panels Covered with Polyethylene Sheets
after Casting.
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Plate 2.4: Test Set-Up for Panels.
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2.4.1 Test Procedure for Al-Series Panels

The panels were supported by two large stecl [-beams providing a span of
1750 mm. The pancls were tested under a patch load which was moved to three
different locations along the span to simulate the effect of a moving wheel load.
A load P on an arca of 75 x 150 mm was applied at three different locations on
the slab, in succession, first at the centre, then at 450 mm from the centre on
one side and finally at the third location, 350 mm {rom the centre on the other
side, moving the load from one end to the other end of the panel. Fig. 2.7
shows the three load locations. The distances of thc load positions on either
side of the panel centre could not be kept the same due to difficultics

encountered in the movement of the panel.

A certain amount of load P was applied at one location and the cracks
developed at the bottom of the slab were marked with a color marker. The load
was retained till all the cracks were marked. Then the load was shifted to the
second location and the cracks developed were marked and similarly at the third
location same procedure was followed. When one cycle of moving the load to
three locations from one end to the other end was complete for the load P and
cracks marked, a photograph of the slab was taken to record the crack pattern.
Since there was not enough room below the panel to go under and take
photograph, a mirror was placed below the panel on the ground and a
photograph of the reflection of the cracks was taken. The load was then
increased and same procedure was followed again. When the load was at the

centre position strains werc measured in stecl for the panels with strain gauges,
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in cach cycle of moving the load. Aflter reaching a load of 70% to 80% of the
ultimate load, the panel was tested to failure by applying the load at the central
position. The failure load was recorded and the failure pattern and failure mode
was observed for each panel. A final photograph of the failed pancl was taken.

The dimensions of failure surface at top and bottom of the slab were measured.

2.4.2 Test Procedure for A2-Series Panels

These panels were also supported by the two large [-beams, providing a
span of 1800 mm. The panels were tested under a single concentrated load
spread over a circular patch of diameter 88 mm placed at the centre of the
pancl. Fig. 2.8 shows the location of load for these panels. Loading was applied
monotonically at a slow rate till failure. In cach test, the failure load and the

mode of failure was recorded.

Since the conical inserts were of difTerent inclinations and basc diameters,
closc obscrvation was made to sec the development of cracks both at the
bottom and at the top, and the cracking of the concrete within the conical

insert and outside the conical insert.

2.4.3 Test Procedure for A3-Series Panels

These panels were used in static tests and in a limited number of fatigue
tests using a pulsating load. Each panel was supported by two large steel I-

beams to provide a span of 1450 mm. All static tests were conducted under a
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single patch load applied at the centre of one span of the slab. Fig 2.9 shows
the load position and the support system of the pancl. To avoid possible
uplifting of the unloaded span of the slab, the three I-beams supporting the slab

were clamped down to the large [-beams by C-clamps.

Four different load arcas were used in static-tests: 75 x 150 mm, 100 x 200
mm, 200 x 400 mm and 200 x 500 mm. In each static test, the load applied by
the actuator on the padded steel plate was increascd monotonically at a slow
rate till failure, pausing briefly at different load levels for mcasurements of
deflection and rcbar strains and for the observation of the crack pattern.
Deflections of the slab under the load point and at the midspans of the two
slabs supporting [-bcams were recorded with displacement transducers
(LVDTs). The strain in the rebars fitted with strain gauges were recorded

automatically on a strain recorder.

Prior to the application of the load, the rcadings of the LVDTs and the
strain gauges were initialized close to zero. In cach test, the first level of the
load at which the slab cracked first was also recorded as the first cracking load.
In the slowly increased load steps, test measuréments included the record of
deflection and rebar strains and also the observation of the emerging crack
pattern and crack growth. At failure, the failure load and the mode of failure
was rccorded. The punched zone at the bottom of the deck was measured

approximately to quantify the area of damage.

As the damage due to punching was essentially localized, especially for the

case of smaller load arcas, it was possible to test both spans of the slab between
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the three supporting beams([Fig. 2.9) to gencrate two sets of test data. For the
case when two static tests were conducted on the same panel, first the testing
was done with smaller load areas(75 x 150 mm or 100 x 200 mm) in one span
followed by the test on the other side to minimize the possible minor damages,

if any. A total of sixteen static load tests were conducted on A3-series panels.

Three fatigue tests were conducted on these panels by utilizing the span of
slabs which was not used in static tests. All fatigue tests were conducted with a
pulsating load on an area of 75 x 150 mm. The untested span of panels used in
static tests with 75 x 150 mm load area was utilized in fatigue tests. The
magnitude of the maximum load level was restricted to about 60% of the valuc

of the ultimate static load capacity P, obtained with 75 x 150 mm load area.

The ratio R of the minimum to the maximum load was kept close to 0.1 to
avoid any possible uplifting of the panel under the cyclic loading. The frequency
of the pulsating load was about 2.0 to 2.5 Hz. The number of load cycles were

rccorded automatically by a monitor hooked to the actuator.



Chapter 3

TEST RESULTS

3.1 CONCRETE AND STEEL STRENGTHV

The casting of the panels in this test program was on a large scale.
Concrete was used in different batches using the same mix design given in Table
2.4. The tests on cylinders taken from various batches at the time of cast,
showed that the concrete strength varied significantly for differcnt batches. This
could be attributed to negligence on the part of ready mix contractor in strictly
adhering to the mix design, the time lag in the casting of the panels which
caused variation in the absorption of water by the aggrcgate and the loss of
moisture due to evaporation in the hot outside environment. In view of this
possibility that the concrete strength may vary due to variation in placement
time and finishing, concrete cores of 50 mm diameter were extracted from cach
pancl to obtain a better estimate of the actual concrete strength. The strength
obtained were corrected for the height to depth ratio in accordance with ASTM
specifications [35]. For comparison purposes, the concrete strength obtained

from these cores were used for the assessment of test data.

Tables 3.1 to 3.3 show the core strength obtained for panels of Al, A2, and
A3-series respectively. Due to variation of core strengths, an average of all core

strengths obtained for different panels of a particular series was taken as the

42



Table 3.1: Compressive Strength of Core Samples
Taken from Al-Series Panels.

AVERAGE CORE |AVERAGE CORE
PANEL STRENGTH STRENGTII FOR
OF PANEL Al-SERIES
(MPa) (MPa)
Al/ISO 279
Al/H 27.8
27.1
Al/M 26.5
Al/S 26.2
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Table 3.2: Compressive Strength of Core Samples

Taken from A2-Series Panels.

PANEL AVERAGE CORE |AVERAGE CORE
STRENGTH OF STRENGTH FOR
GROUP | DESIGNATION PANEL A2-SERIES
NO. (MPa) (MPa)
I A2C/P 25.2
A2C/S 25.5
2 A2/20 274
A2/30 30.6
A2/45 328 28.2
A2/60 30.6 (Excluding
A2/90 279 A2C/D)
3 A2/60/H 29.2
A2/90/H 28.8
4 A2C/90/L 25.0
A2C/90/H 244
Table 3.3: Compressive Strength of Core Samples
Taken from A3-Series Panels.
AVERAGE CORE |AVERAGE CORE
PANEL SET STRENGTH OF STRENGTH FOR
PANEL SET A3-SERIES
(MPa) (MPa)
Al-1 25.2
A3-2 24.1 26.6
A3-3 30.6
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reference core strength for that particular series. This average core strength for
the series are also shown in the tables. The failure load values could be adjusted
for the variation in concrete core strength from that of the avcrage core
strength for that series to facilitate comparison based on an identical values of

core strengths.

The ratio of the average core strength to that of the cylinders strength
approximately varied from 0.88 to 0.92 with an average of 0.9. This compares
favorably also with the result of past study [36] on the relationship between the

core strength and cylinder strength of concrete.

The steel used was a high strength stecl rebars, manufactured locally, in the
Eastern Province of Saudi Arabia. The steel yield stress of 6 mm, 8 mm and 10
mm diameter bars was around 550 MPa (80 ksi) and a ultimate strength of 775
MPa (112 ksi). The yield strength of 4 mm bars was a little higher than the
other bars, with a valuc of 590 MPa (85 ksi) and an ultimate strength of 633

MPa (92 ksi).

3.2 AI-SERIES TEST RESULTS

The various test data gathered from the tests on the Al-scries panecls
include the crack mapping and its documentation at selected steps of increased
loading, to record the strains in some of the main transverse steel rebars and in

some of the longitudinal stecl rebars which were (itted with strain gauges.
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3.2.1 Cracking

In order to show the progressive crack growth under a moving wheel load
from one end to the other end of the slab, crudely simulated by applying load at
three locations in successive steps, photographs were taken at different load
levels after each cycle of moving the load from one cnd to the other end of the
panel. The photographs were taken for each pancl type namely Al1/ISO, Al/H,
Al/M and A1/S for the load levels of 40 kN, 60 kN, 70 kN and 80 kN. Plates
3.1 to 3.4 show the cracking pattern of the four panels at these load levels.
These photographs would serve to indicate the density of cracks for panels with
different amounts of distribution steel at identical load levels and identical load

passages.

3.2.2 Strains

In order to record the level of stress under different load level, strains were
measurcd from a sclected number of main stecl rebars fitted with strain gauges.
The location of these bars are shown in Fig. 2.2. In some of the panels, the
strain gauges malfunctioned due to possible damage of the strain gauges
because of cracking and possible abrasion resulting from any bond slip. These
values weré rejected and are not shown. Figs. 3.1 to 3.12 show the strains in the
transverse steel rebars plotted against load for the panels Al/S, Al/H and

A1/ISO at different load levels.

Also the strains in some of the rcbars of longitudinal stecl were measured
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Fig. 3.1: Load-Strain Relationship in Transverse Steel Bars
of Panel A1/S Loaded upto 40 kN.
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to sce the level of stress which may give an indication of the amount of load or
moment in the longitudinal direction. Figs. 3.13 to 3.23 show the strain in
longitudinal steel bars plotted against load for different panels at different load

levels.

Comparison of the strains for identically placed bars at the same load level
would indicate the amount of stress in the rebars in different panels. This would
also indicate the effcctive role played by the longitudinal stecl in distributing the

load over larger area or to bring in a wider width of slab to resist the load.

3.2.3 Failure Loads

After the travel of load P equal to 80 kN, the pancl was loaded to failure
by positioning the load at the centre location of the panel. The failure loads
were recorded for each panel. Table 3.4 shows the failure load for different
pancls of Al-series. Also shown are the values of concrete compressive strength
for cores taken from the panels. Failure was cssentially in punching for all
panels, with a top failure surface equal to load area and a large dislocated area
at the bottom. Plate 3.5 shows a top failure surf:ace, which is typical of failure
in all the panels. Plate 3.6 shows the bottom failure surfaces for all the panels.

No crack was visibly obscrved at the top surface of the slab.

The length and breadth of the failure zone at bottom were measured to
record the approximate size of pot hole. In all cases the top failure surface was

cqual to the load area but the bottom failure surfaces varied. Table 3.4 also
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